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ABSTRACT 

Since 1984 Marsha l l  Space F l i g h t  Center has been a c t i v e l y  
engaged i n  research  and development concern ing autonomous power 
systems. Much o f  t h e  work i n  t h i s  domain has d e a l t  w i th  t h e  development 
and a p p l i c a t i o n  o f  knowledge-based o r  e x p e r t  systems t o  per fo rm t a s k s  
p r e v i o u s l y  accomplished o n l y  th rough i n t e n s i v e  human involvement .  One 
such t a s k  is t h e  h e a l t h  s t a t u s  m o n i t o r i n g  o f  e l e c t r i c a l  power systems. 
Such m o n i t o r i n g  i s  a manpower i n t e n s i v e  t a s k  which i s  v i t a l  t o  m i s s i o n  
success. The Hubble Space Telescope t e s t b e d  and i t s  a s s o c i a t e d  N I c k l e  
Cadmium B a t t e r y  Exper t  System (NICBES) have been des ignated  as t h e  
system on which t h e  i n i t i a l  p r o o f  o f  concept f o r  i n t e l l i g e n t  power 
system m o n i t o r i n g  w i l l  be e s t a b l i s h e d .  

The key f u n c t i o n  performed by an engineer  engaged i n  system 
m o n i t o r i n g  i s  t o  analyze t h e  raw t e l e m e t r y  d a t a  and i d e n t i f y  f rom t h e  
whole o n l y  those elements which can be cons idered " s i g n i f i c a n t . "  T h i s  
f u n c t i o n  r e q u i r e s  eng ineer ing  e x p e r t i s e  on t h e  f u n c t i o n a l i t y  o f  t h e  
system, t h e  mode o f  o p e r a t i o n  and t h e  e f f i c i e n t  and e f f e c t i v e  read ing  
o f  t h e  t e l e m e t r y  da ta .  A p p l i c a t i o n  o f  t h i s  e x p e r t i s e  t o  e x t r a c t  t h e  
s i g n i f i c a n t  components o f  t h e  d a t a  i s  r e f e r r e d  t o  as d a t a  r e d u c t i o n .  
Such a f u n c t i o n  possesses c h a r a c t e r i s t i c s  which make i t  a pr ime 
cand ida te  f o r  t h e  appl  i c a t i o n  o f  knowledge-based systems' techno log ies .  
T h i s  paper i n v e s t i g a t e s  such a p p l i c a t i o n  and o f f e r s  recommendations f o r  
t h e  development o f  " i n t e l l  i g e n t "  da ta  r e d u c t i o n  systems. 
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INTRODUCTION 

As t h e  e x p l o r a t i o n  o f  space cont inues  miss ions  become much more 
complex and much l o n g e r  i n  d u r a t i o n .  Fu ture  miss ions  such as Space 
S t a t i o n ,  spaced-based r a d a r ,  communication and s u r v e i l l a n c e  s a t e l l i t e s ,  
s t r a t e g i c  defense i n i t i a t i v e  ( S D I )  systems and m i l i t a r y  a i r c r a f t  w i l l  
thus  r e q u i r e  more s o p h i s t i c a t e d  and i n t r i c a t e  e l e c t r i c a l  power systems 
(EPS) [8], [37]. Space power i s  an ext remely p r e c i o u s  resource.  The 
f a c t  t h a t  a lmost  every subsystem, e s p e c i a l l y  those t h a t  suppor t  t h e  
human elements f o r  manned miss ions,  i s  dependent on power p l u s  t h e  f a c t  
t h a t  space power has h i s t o r i c a l  l y  c o s t  about $lOOO.OO/KWH versus $. 05 
p e r  t e r r e s t i a l  KWH has p laced space power h i g h  on NASA's p r i o r i t y  l i s t  
o f  research  e f f o r t s .  A s  was learned from Skylab, f o r  which 15-18 ground 
suppor t  personnel  were r e q u i r e d  t o  augment e x t e n s i v e  crew involvement  
f o r  an 8KW system, a major  e f f o r t  had t o  be d i r e c t e d  toward 
autonomously managed e l e c t r i c a l  power systems. 

Automat ing a c t i v i t i e s  o r d i n a r i l y  performed by humans was seen as 
t h e  p r i m a r y  means o f  reduc ing  b o t h  a i r b o r n e  and ground suppor t  e f f o r t s  
and c o s t s  [9],[16],[36],[39]. A d d i t i o n a l l y ,  more f u l l y  autonomous power 
systems (as  w e l l  as o t h e r  subsystems) w i l l  be a n e c e s s i t y  f o r  deeper 
unmanned e x p l o r a t i o n  o f  space where miss ions  w i l l  r e q u i r e  d e c i s i o n s  and 
a c t i o n s  i n  " r e a l - t i m e " .  The t ime l a g s  i n c u r r e d  w i t h  d a t a  t r a n s m i s s i o n  
and remote i n t e r v e n t i o n  w i l l  n o t  be acceptable i n  a l l o c a t i n g  and 
p r o t e c t i n g  t h e  p r e c i o u s  e l e c t r i c a l  power resources.  I n  1978, t h e r e f o r e ,  
t h e  O f f i c e  o f  Aeronaut ics  and Space Technology a t  NASA Headquarters 
d i r e c t e d  NASA t o  under take e f f o r t s  towards accompl ish ing such autonomy. 
Since t h a t  d i r e c t i v e  v a r i o u s  NASA e f f o r t s  i n  c o n j u n c t i o n  w i t h  severa l  
c o n t r a c t o r s  ( i n c l u d i n g  M a r t i n  M a r i e t t a ,  Rockwell /Rocketdyne, Boeing, 
TRW, Hughes and Ford Aerospace) and U n i v e r s i t i e s  (among them Auburn, 
U n i v e r s i t y  o f  Tennessee, Tennessee T e c h . , U n i v e r s i t y  o f  Alabama- 
H u n t s v i l l e , V a n d e r b i l t  and Carnegie Mel lon)  have made much progress i n  
t h e  r e a l m  o f  space power automat ion. 

I t  was r e a l i z e d  e a r l y  on i n  power system i n v e s t i g a t i o n s  t h a t  
autonomous systems would r e q u i r e  a c e r t a i n  amount o f  embedded 
i n t e l l i g e n c e  t o  supplement t h e  a l r e a d y  proven more convent iona l  
computer approaches [23]. Thus much o f  t h e  c u r r e n t  research  e f f o r t  i s  
focussed on a r t i f i c i a l  i n t e l l i g e n c e  techniques,  namely a p p l i c a t i o n  o f  
e x p e r t  and knowledge-based systems. The term " e x p e r t  system" (ES) 
r e f e r s  t o  a so f tware  system which per forms a complex, w e l l  d e f i n e d  t a s k  
u s i n g  t h e  same i n p u t  i n f o r m a t i o n  and problem s o l v i n g  s t r a t e g i e s  as a 
human e x p e r t .  A d d i t i o n a l l y ,  an e x p e r t  system possesses t h e  c a p a b i l i t y  
t o  make a c c e s s i b l e  t o  t h e  user  t h e  reason ing  l o g i c  i t  uses t o  per fo rm 
t h e  t a s k .  I t  i s  i m p l i e d  t h a t  t h e  e x p e r t i s e  captured  by such a system 
has i t s  o r i g i n s  i n  t h e  exper ience t h a t  one o r  more humans have 
accumulated w h i l e  per fo rming  a g i v e n  problem s o l v i n g  t a s k .  The te rm 
"knowledge-based system" (KBS) r e f e r s  t o  a so f tware  system much l i k e  an 
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e x p e r t  system b u t  which implements a body o f  problem s o l v i n g  knowledge 
which may come f rom any of  severa l  sources i n c l u d i n g  t e x t  books, humans 
( i n  t h e  form o f  e x p e r t i s e  o r  more genera l  e x p e r i e n t i a l  knowledge) o r  
o thers .  

I t  i s  i m p o r t a n t  i n  t h e  domain o f  space power system a p p l i c a t i o n s  
t o  draw t h e  d i s t i n c t i o n  between these two types  o f  systems. The reason 
f o r  t h i s  i s  t h a t  t h i s  i s  a very  young domain and "exper ts "  w i t h  
exper ience managing space power systems do n o t  e x i s t .  However, t h e  
exper ience o f  humans work ing  i n  t h i s  arena coupled w i t h  more genera l  
knowledge about power subsystems and components make i t  p o s s i b l e  t o  
develop what f o r  t h e  purposes o f  t h i s  paper w i l l  be r e f e r r e d  t o  as 
knowledge-based e x p e r t  systems (KBES). 

Though few doubt  t h e  impor tan t  r o l e  t h a t  KBES approaches w i l l  
p l a y  i n  space power automat ion t h e  domain i s  one which o f f e r s  more 
complex cha l lenges  than those t o  which t h e  technology has a l r e a d y  been 
s u c c e s s f u l l y  a p p l i e d .  One o f  t h e  approaches t o  overcoming some o f  these 
cha l lenges  i s  t h e  development and u t i l i z a t i o n  o f  r e a l i s t i c  autnomous 
power system breadboards and t e s t  beds on which KBES t e c h n o l o g i e s  can 
be developed and v a l i d a t e d  [3],[39]. Since space power systems i n v o l v e  
new and h i g h l y  dynamic techno log ies ,  i t  i s  th rough t h e  development and 
subsequent use o f  tes tbeds  t h a t  t h e  necessary "eng ineer ing  e x p e r t i s e "  
i s  b e i n g  e s t a b l i s h e d  and a r c h i v e d  [18],[25]. Moreover, i n  o r d e r  f o r  
autonomous power system development t o  proceed i n  a cont inuous manner 
researchers  and developers must r e l y  on t h e  lower  r i s k  t e r r e s t i a l  
tes tbeds  as opposed t o  a c t u a l  m i s s i o n  exper ience a lone.  

The p r i m a r y  autonomous power system f u n c t i o n s  t h a t  have been 
i d e n t i f i e d  f o r  a p p l i c a t i o n  o f  knowledge-based systems i n c l u d e :  s t a t u s  
e s t i m a t i o n ,  system h e a l t h  s t a t u s  m o n i t o r i n g  and maintenance, f a u l t  
d e t e c t i o n  and management, dynamic l o a d  schedu l ing  and mainatenance 
procedure a d v i s i n g  [6]. C u r r e n t l y  research  and development i s  ongoing 
i n  a lmost  a l l  o f  these areas and p r o o f  o f  concept  has been e s t a b l i s h e d  
by v a r i o u s  p r o t o t y p e  systems. One o f  t h e  most c r u c i a l  f u n c t i o n s  among 
these, . s i n c e  i t  i s  a f i r s t  l i n e  defense a g a i n s t  system o r  component 
f a i l u r e ,  i s  t h e  system h e a l t h  s t a t u s  m o n i t o r i n g .  T h i s  i s  t h e  l a t e s t  
area b e i n g  researched f o r  knowledge-based e x p e r t  system a p p l i c a t i o n s .  

D u r i n g  a c t u a l  space miss ions,  engineers must m o n i t o r  t h e  t e l e m e t r y  
d a t a  f rom v a r i o u s  power system sensor and i d e n t i f y  and analyze any 
" s i g n i f i c a n t  f i n d i n g s . ' '  S i g i n i f i c a n t  f i n d i n g s  a r e  d e f i n e d  more deep ly  
than those i d e n t i f i e d  by most c u r r e n t  systems; namely, t h e  i n d i c a t i o n  
based on a s i n g l e  v a r i a b l e  t h a t  a f a u l t  has occurred.  S i g n i f i c a n t  
f i n d i n g s  must be based on n o t  o n l y  s i n g l e  v a r i a b l e  va lues,  b u t  a l s o  on 
t h e  i n t e r a c t i o n s  between t h e  v a r i a b l e s  and t h e  t r e n d s  i n d i c a t e d  by 
them. Such s i g n i f i c a n t  f i n d i n g s  can i n d i c a t e  an imminent f a i l u r e  even 
though s i n g l e  v a r i a b l e  a n a l y s i s  m i g h t  n o t .  Such a t a s k  w i l l  i n v o l v e  
l a r g e  amounts o f  data,  o n l y  some of which ( i n  many cases a v e r y  smal l  
percentage) w i l l  be r e l e v a n t  t o  any p a r t i c u l a r  p r e d i c t i o n .  These 
f a c t o r s ,  combined w i t h  t h e  frequency and r e g u l a r i t y  o f  t a s k  
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performance, r e q u i r e s  eng ineer ing  e x p e r t 1  se on t h e  f u n c t i o n a l  i ty  o f  t h e  
system, t h e  mode o f  opera t ion ,  and t h e  e f f i c i e n t  and e f f e c t i v e  read ing  
o f  t h e  t e l e m e t r y  da ta .  Such a f u n c t f o n  can be most e f f e c t i v e l y  
implemented u s i n g  knowledge-based systems techno log ies  [29]. The 
a p p l i c a t i o n  o f  such techno log ies  w i l l  r e s u l t  i n  i n t e l l i g e n t  systems t o  
suppor t  t h e  m o n i t o r i n g  f u n c t i o n .  

The main purpose o f  t h i s  paper i s  t o  rev iew t h e  l i t e r a t u r e  
a p p l i c a b l e  t o  t h e  i n t e l l i g e n t  h e a l t h  s t a t u s  m o n i t o r i n g  domain. The 
f i n d i n g s  o f  t h i s  rev iew w i l l  then be syn thes ized i n t o  recommendations 
f o r  t h e  development o f  i n t e l l i g e n t  space power m o n i t o r i n g  systems. The 
rev iew i s  broadened beyond space power system m o n i t o r i n g  because many 
o f  t h e  problem c h a r a c t e r i s t i c s  e x i s t  i n  o t h e r  domains such as human 
h e a l t h  m o n o t i r i n g ,  manufactur ing system m o n i t o r i n g ,  t e s t  da ta  a n a l y s i s  
and o t h e r s .  One c h a r a c t e r i s t i c  o f  a l l  such problems, however, i s  t h e  
requi rement  t o  e f f i c i e n t l y  and e f f e c t i v e l y  per fo rm what i s  r e f e r r e d  t o  
as "data reduc t ion . ' '  Data r e d u c t i o n  i n  t h i s  c o n t e x t  i s  d e f i n e d  as t h e  
process o f  e x t r a c t i n g  f rom the l a r g e r  amounts o f  m o n i t o r i n g  d a t a  
( u s u a l l y  b e i n g  p r o v i d e d  by r e a l - t i m e  sensors) o n l y  t h e  " s i g n i f i c a n t "  
e lements and p r e s e n t i n g  these elements t o  t h e  a n a l y s t  i n  a fo rm most 
conducive t o  s u p p o r t i n g  d e c i s i o n  making concern ing t h e  b e a t l h  s t a t u s  o f  
a system. Reducing d a t a  t o  such a form u s u a l l y  i n v o l v e s  t h e  
a p p l i c a t i o n  o f  v a r i o u s  s t a t i s t i c a l  techniques such as graphing,  
p l o t t i n g ,  c a l c u l a t i n g  maximum and minimum values,  c a l c u l a t i n g  means, 
t a k i n g  d i f f e r e n c e s ,  de termin ing  t rends ,  a n a l y z i n g  and comparing 
s ignatures ,  e t c .  The i s s u e  o f  i n t e l l i g e n t  d a t a  r e d u c t i o n  has u n i v e r s a l  
i m p l i c a t i o n s  due t o  t h e  amount o f  i n f o r m a t i o n  now a v a i l a b l e  t o  d e c i s i o n  
makers because o f  t h e  advances i n  i n f o r m a t i o n  process ing  and remote 
sensing techno log ies .  
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OBJECTIVES 

The o b j e c t i v e  of  t h i s  work i s  t o  i n v e s t i g a t e  the  a p p l i c a t i o n  of 
knowledge-based system technologies t o  the f i e l d  o f  space e l e c t r i c a l  
power system h e a l t h  s ta tus  moni tor ing.  This  o b j e c t i v e  was accomplished 
by f i r s t  examining c u r r e n t  a p p l i c a t i o n s  f o r  autonomous power systems 
w i th  emphasls on the  Hubble Space Telescope t e s t  bed and the  N i c k l e  
Cadmium Ba t te ry  Expert  System - NICBES. Next a broad rev iew o f  t he  
l i t e r a t u r e  r e l a t e d  t o  knowledge-based mon i to r ing  systems employing 
i n t e l l  i g e n t  data reduc t ion  techniques was conducted. I n  con junc t ion  
w i t h  the  l i t e r a t u r e  reviews, varous NASA and con t rac to r  personnel were 
contacted o r  in te rv iewed concerning the  t o p i c .  F i n a l l y ,  the  f i n d i n g s  
were synthesized i n t o  recommendations f o r  f u tu re  research e f f o r t s  i n  
t h i s  domain. 
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BACKGROUND 

M a r s h a l l  Space F l i g h t  C e n t e r ' s  E l e c t r i c a l  Power Branch has been 
i n v o l v e d  s i n c e  1984 w i t h  t h e  development o f  e x p e r t  o r  knowledge-based 
systems [38]. A t t e n t i o n  has been p r i m a r i l y  focused on comprehensive 
f a u l t  management and dynamic pay load reschedu l fng  a c t i v i t i e s .  
Comprehensive f a u l t  management i n c l u d e s  i d e n t i f y i n g  anomolies, 
d iagnos ing  a c t u a l  f a u l t s ,  recommending c o r r e c t i v e  a c t i o n  f o r  f a u l t  
recovery  and autonomous implementat ion o f  f a u l t  recovery  a c t i o n s .  The 
knowledge-based systems which have been developed and a r e  b e i n g  
researched as p a r t  of these e f f o r t s  i n c l u d e :  t h e  F a u l t  I s o l a t i o n  Exper t  
System (FIES I and FIES 11) [38], t h e  Space S t a t i o n  Experiment 
Scheduler (SSES) [39], the  f a u l t  d e t e c t i o d d i a g n o s i  s/recovery system 
(STARR) [34], t h e  Space S t a t i o n  Module Power Management and 
D i s t r i b u t i o n  (SSM/PMAD) system automat ion p r o j e c t  [6] ,  t h e  c o o p e r t i v e  
e x p e r t  system p r o j e c t  f o r  Schedul i n g  and F a u l t  Ana lys i  s/Recovery 
I n t e g r a t i o n  (SAFARI) [38], t h e  N I c k l e  Cadmium B a t t e r y  Exper t  System 
(NICBES) [4],[21],[26] and t h e  l a t e s t  research  e f f o r t s  f o r  I n t e l l i g e n t  
Data Reduct ion - I-DARE [17]. I-DARE i s  p r i m a r i l y  b e i n g  developed t o  
enhance and extend t h e  f u n c t i o n i n g  o f  NICBES which c u r r e n t l y  i n t e r f a c e s  
w i th  t h e  Hubble Space Telescope (HST) power system tes tbed.  S ince  t h e  
research  presented i n  t h i s  paper was conducted t o  suppor t  and ex tend 
t h e  e f f o r t s  o f  t h e  I-DARE p r o j e c t  a b r i e f  overv iew of  t h e  t h r e e  
i n t e r f a c i n g  systems w i l l  be prov ided.  For more d e t a i l  on t h e  o t h e r  
e f f o r t s  l i s t e d  t h e  reader  i s  r e f e r r e d  t o  t h e  s i t e d  re fe rences .  

The HST (Hubble Space Telescope) Testbed was developed t o  s i m u l a t e  
a s  c l o s e  a s  p r a c t i c a l  t h e  a c t u a l  system t h a t  i s  t o  be f lown on t h e  HST 
[3]  (see F i g u r e  1). The t e s t b e d  c o n s i s t s  o f  s i x  major  elements: (1) 
t h e  power d i s t r i b u t i o n  breadboard, (2) t h e  b a t t e r i e s ,  ( 3 )  t h e  s o l a r  
array s i m i u l a t o r s  (SAS),  (4)  t h e  l o a d  banks, ( 5 )  t h e  charge c o n t r o l  
hardware, and (6 )  a c o n t r o l  computer ( C C ) ,  a m o n i t o r i n g  computer 
r e f e r r e d  t o  as t h e  D i g i t a l  D a t a  A c q u i s i t i o n  System (DDAS), and a 
computer f o r  t h e  NICBES. The breadboard i n c l u d e s  a l l  p e r t i n e n t  
components o f  t h e  HST EPS. I t  p r o v i d e s  s w i t c h i n g  f o r  b a t t e r y  
i s o l a t i o n ,  S o l a r  Panel A r r a y  (SPA) s w i t c h i n g  and b a t t e r y  
r e c o n d i t i o n i n g ,  as w e l l  as m o n i t o r i n g  v i a  panel  meters o f  i n d i v i d u a l  
b a t t e r y  v o l t a g e ,  c u r r e n t  and temperature.  A d d i t i o n a l l y ,  t h r e e  s t r i p  
c h a r t  r e c o r d e r s  r e c o r d  v o l t a g e  and c u r r e n t  da ta .  

Power s to rage i s  p r o v i d e d  by s i x  n i c k e l  cadmium b a t t e i r e s  
manufactured f rom t h e  same l o t  as t h e  a c t u a l  f l i g h t  hardware. D u r i n g  
t h e  sun p o r t i o n  of  i t s  o r b i t ,  t h e  HST w i l l  be powered by 20 SPA 'S  
( t h r e e  each p e r  b a t t e r y )  which a r e  s i m u l a t e d  on t h e  t e s t b e d  by two 
a d j u s t a b l e  c o n s t a n t  c u r r e n t  power s u p p l i e s .  Three independent ly  
c o n t r o l l e d  l o a d  banks s i m u l a t e  t h e  s p a c e c r a f t  l o a d  and a r e  c o n t r o l l e d  
by t h e  c o n t r o l  computer. The charge c o n t r o l  hardware c o n s i s t s  o f  s i x  
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charge c u r r e n t  c o n t r o l l e r s  ( C C C )  i d e n t i c a l  i n  c i r c u i t r y  t o  t h e  f l i g h t  
hardware. The C o n t r o l  Computer i s  a microprocessor  based system 
designed and b u i l t  a t  MSFC s p e c i f i c a l l y  f o r  t h e  breadboard. The 
C o n t r o l  Computer p r o v i d e s  f o r  keyboard e n t r y ,  v i a  a VDT, o f  severa l  
command a d j u s t a b l e  parameters, thus  p r o v i d i n g  func t ions  such as:  SA$ 
c o n t r o l ,  CCC m o n i t o r i n g ,  and m o n i t o r i n g  and c o n t r o l  o f  l o a d  bank 
vo l tages ,  b a t t e r y  temperatures and b a t t e r y  vo l tages .  The DDAS f u n c t i o n  
i s  performed on a DEC LSI-11 computer and i s  r e s p o n s i b l e  f o r  d a t a  
a c q u i s i t i o n ,  l i m i t  checking, d a t a  summaries and o r b i t  t j m e  c o n t r o l .  
The DDAS samples approx imate ly  400 channels o f  incoming d a t a  from t h e  
breadboard. Once p e r  minute i t  measures 138 c e l l  v o l t a g e s  and 
pressures,  c u r r e n t s  f o r  t h e  s i x  b a t t e r i e s  and b a t t e r y  p r o t e c t i o n  
c i r c u i t s ,  t h e  t h r e e  l o a d  vo l tages ,  s i x  b a t t e r y  v o l t a g e s  and s i x  
temperatures p e r  b a t t e r y .  The DDAS p r o v i d e s  d a t a  summaries such a s  
h igh / low reading,  recharge r a t i o ,  depth o f  d ischarge,  e t c . ,  on a p e r  
o r b i t  b a s i s .  The t h i r d  computer component of  t h e  t e s t b e d  i s  c u r r e n t l y  
as IBM PC/AT which i s  ded ica ted  t o  t h e  maintenance and f u n c t i o n i n g  o f  
t h e  e x p e r t  system, NICBES. 

NICBES 

The p r o t o t y p e  o f  NICBES i s  c u r r e n t l y  i n t e g r a t e d  w i t h  t h e  HST 
t e s t b e d  and serves a s  a f a u l t  d e t c t i o n  and d i a g n o s i s  system and a l s o  a 
b a t t e r y  h e a l t h  management system [ 41 (see f i g u r e  2).  F u n c t i o n a l  l y  
NICBES has f o u r  modes: (1) f a u l t  d iagnos is ,  ( 2 )  b a t t e r y  h e a l t h  s t a t u s ,  
( 3 )  adv ice  on b a t t e r y  maintenance, and (4 )  d e c i s i o n  suppor t  a i d .  The 
p r o t o t y p e  has two separate subsystems: a da ta  hand ler  and a d i a g n o s i s  
e x p e r t  system. The da ta  hand ler  I s  w r i t t e n  i n  M i c r o s o f t  C and serves 
t o  r e c e i v e  t h e  t e l e m e t r y  d a t a  f rom t h e  DDAS and "massage" i t  i n t o  t h e  
form r e q u i r e d  by t h e  d i a g n o s i s  subsystem. The d i a g n o s i s  subsystem i s  
w r i t t e n  i n  A r i t y  PROLOG [26]. I t s  main f u n c t i o n  i s  t o  reason f rom t h e  
d a t a  p r o v i d e d  by t h e  d a t a  hand ler  and determine i f  any except ion  
s i t u a i t o n s  a r e  i n d i c a t e d .  The engineer  may i n i t i a t e  o p e r a t i o n  o f  t h e  
e x p e r t  by 
t h e  d a t a  hand ler .  I n  a d d i t i o n  t o  f a u l t  d i a g n o s i s  which i s  based on 
t h e  c u r r e n t  s t a t e  o f  t h e  EPS, NICBES a l s o  mon i to rs  b a t t e r y  h e a l t h  
s t a t u s  based on b o t h  c u r r e n t  o r b i t a l  d a t a  and h i s t o r i c a l  da ta .  S t a t u s  
a n a l y s i s  i s  accompl ished based on t h e  i n t e r a c t i o n s  o f  severa l  
v a r i a b l e s .  Based on an a n a l y s i s  o f  t r e n d s  and averages f o r  
combinat ions o f  parameters maintenance procedures ( i . e . ,  b a t t e r y  
r e c o n d i t i o n i n g ,  charg ing  scheme, e t c . )  a r e  recommended. F i n a l l y ,  
NICBES p r o v i d e s  d e c i s i o n  suppor t  t o  t h e  user  by s u p p l y i n g  summary p l o t s  
o f  p e r t i n e n t  d a t a  over  t h e  most c u r r e n t  t w e l v e  s i m u l a t e d  o r b i t s .  

system once twe lve  o r b i t s  wor th  o f  da ta  have been processed 

The NICBES p r o t o t y p e  has performed w e l l  over  t h e  p a s t  y e a r  and a 
h a l f .  D u r i n g  t h i s  p e r i o d ,  however, severa l  f e a t u r e s  have been 
i d e n t i f i e d  f o r  i n c o r p o r a t i o n  and upgrade o f  t h e  system. Among these 
are :  (1) t h e  need f o r  a user  f r i e n d l y  r u l e  e d i t o r ,  ( 2 )  a m u l t i t a s k i n g  
q a p a b i l i t y  t o  a l l o w  d a t a  c o l l e c t i o n  t o  c o n t i n u e  w h i l e  a NICBES 

i n s u l t a t i o n  i s  i n  progress,  ( 3 )  an expanded c a p a b i l i t y  on t h e  number 
,f o r b i t s  o f  d a t a  which can be handled (upgrades from t h e  c u r r e n t  12 t o  
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perhaps t o  
p e r f o r m  o f  
NICBES i n t o  a model based system t o  e x p l i c i t l y  c a p t u r e  t h e  
i n t e r e l a t i o n s h i p s  of  t h e  EPS and t h u s  a l l o w  d i a g n o s i s  of unforseen 
f a u l t s .  A l l  o f  these f e a t u r e s  a r e  c u r r e n t l y  b e i n g  researched and 
eva lua ted .  

500 o r b i t s  have been d iscussed)  (4) p r o v i d i n g  a c a p a b i l i t y  
s t a t i s t i c a l  p r e d i c t i o n  of  b a t t e r y  l i f e ,  and ( 5 )  t h e  g rowth  a 

I-DARE 

Data r e d u c t i o n  takes  many forms, t h e  most common form i s  
s t a t i s t i c a l  r e d u c t i o n ,  i . e . ,  means, moving averages, t r e n d  a n a l y s i s ,  
minimums and maximums, e t c  [1],[14],[32). Though these a re  v e r y  u s e f u l  
f o r  a n a l y z i n g  system performance f u r t h e r  r e d u c t i o n  which c o n s i d e r s  
r e l a t i o n s h i p s  between v a r i a b l e s  as w e l l  as system f u n c t i o n i n g  l ends  
suppor t  t o  an even deeper a n a l y s i s .  Such r e d u c t i o n  b r i n g s  more o f  a 
q u a l i t a t i v e  approach t o  t h e  problem. T h i s  can be r e f s r r e d  t o  as 
" i n t e l l  igent." r e d u c t i o n .  I n t e l  1 i g e n t  because e x p e r t i s e  i s  b r o u g h t  t o  
bea r  on t h e  problem th rough  t h e  r e d u c t i o n  process and a l s o  because t h e  
d a t a  i s  r e f i n e d  by c o n s i d e r i n g  t h e  i n t e r a c t i o n s  o f  t h e  system b e i n g  
analyzed.  The o v e r a l l  purpose o f  t h e  I-DARE e f f o r t  i s  t o  i n v e s t i g a t e  
t h e  phenomenon o f  d a t a  r e d u c t i o n ,  determine t h e  knowledge used i n  
p e r f o r m i n g  t h i s  t a s k  by humans and p r o t o t y p i n g  a system f o r  
i n c o r p o r a t i o n  i n t o  t h e  HST t e s t b e d  [17].  

C u r r e n t l y  t h e  amount o f  d a t a  b e i n g  r e c e i v e d  form t h e  DEC. LSI-11 
i n c l u d e d  370 va lues  p e r  minute.  S ince each o r b i t  I s  n i n e t y - s i x  m inu tes  
i n  d u r a t i o r l  t h e  o r b i t a l  a n a l y s i s  must be per formed on 35,520 va lues .  
Adding t o  t h e  amount o f  d a t a  i s  t h e  f a c t  t h a t  100 o r b i t s  o f  d a t a  a r e  
u s u a l l y  r e q u i r e d  f o r  accu ra te  t r e n d  a n a l y s i s .  Such a n a l y s i s ,  
t h e r e f o r e ,  must be based on 3,552,000 va lues .  Complete a n a l y s i s  o f  
such a q u a n t i t y  o f  d a t a  i s  a fo rmfdab le  t a s k  f o r  anyone and i s  
comp l i ca ted  even f u r t h e r  when a l l  t h e  i n t e r r e l a t i o n s h i p s  a r e  
considered.  The f o r m i d a b i l i t y  o f  t h e  m o n i t o r i n g  t a s k  coupled w i t h  
l a r g e  demands on computer s torage r e q u i r e  advanced forms of i n t e l l i g e n t  
d a t a  r e d u c t i o n  t o  suppor t  engineers i n  r e d u c i n g  power system t e l e m e t r y  
d a t a  t o  i t s  s i g n i f i c a n t  components. The n e x t  s e c t i o n  w i l l  p r o v i d e  a 
r e v i e w  and summary o f  t h e  f i n d i n g s  o f  c u r r e n t  e f f o r t s  i n  a p p l y i n g  
knowledge-based t e c h n o l o g i e s  t o  t h e  h e a l t h  s t a t u s  m o n i t o r i n g  f u n c t i o n .  

CURRENT KNOWLEDGE-BASED APPROACHES TO SYSTEM HEALTH STATUS MONITORING 

Over t h e  l a s t  t h r e e  t o  f o u r  y e a r s  seve ra l  e f f o r t s  have been 
under taken t o  i n v e s t i g a t e  and p r o t o t y p e  knowledge-based systems f o r  t h e  
h e a l t h  and s t a t u s  m o n i t o r i n g  o f  space systems. T h i s  s e c t i o n  w i l l  
b r i e f l y  r e v i e w  these e f f o r t s  and summarize t h e  f i n d i n g .  A thorough 
unders tand ing  o f  c u r r e n t  system m o n i t o r i n g  t e c h n o l o g i e s  and t h e i r  
approaches t o  d a t a  r e d u c t i o n  i s  a necessary p r e r e q u i s i t e  t o  t h e  des ign  
and imp lemen ta t i on  o f  e f f e c t i v e  d a t a  r e d u c t i o n  techn iques  f o r  f u r t h e r  
improv ing  t h e  m o n i t o r i n g  f u n c t i o n .  

Siemens [30] has w r i t t e n  seve ra l  papers on a knowledge-based 
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system, STARPLAN, which mon i to rs  t e l e m e t r y  data,  a l e r t s  t h e  o p e r a t o r  if 
anomolous c o n d i t i o n s  a r e  i d e n t i f i e d ,  and then f u n c t i o n s  t o  suggest 
c o r r e c t i v e  a c t i o n s .  STARPIAN was b u i l t  u s i n g  t h e  KEE environment.  KEE 
f a c i l i t a t e d  development o f  t h e  knowledge base s ince  t h e  knowledge base 
c o n s i s t s  o f  o b j e c t  d e s c r i p t i o n s  which a r e  reasoned about based on 
s a t e l l i t e  t e l e m e t r y .  I t  performs f a u l t  d i a g n o s i s  by u t i l i z i n g  
r e l a t i o n a l  l i n k s  between o b j e c t s  o f  t h e  domain model and t h e  
d e s c r i p t i o n s  o f  t h e  o b j e c t s .  I t  uses p r o d u c t i o n  r u l e s  o n l y  i f  t h e  
model-based approach f a i l s .  

Hami l ton [22] implemei ted a system i n  L I S P  on a Symbolics 31670 
which was c a l l e d  SCARES and was a p p l i e d  t o  t h e  a t t i t u d e  c o n t r o l  system 
o f  a spacecraf t .  SCARES was implemented w i th  an o b j e c t  o r i e n t e d  
approach u s i n g  frame-based knowledge r e p r e s e n t a t i o n s  and i n d u c t i v e  and 
deduct ive  reasoning.  I t  uses a t h r e e  stage approach o f  m o n i t o r i n g ,  
d i a g n o s i s  and hypothes is  genera t ion  and t e s t  t o  d e t e c t ,  d iagnose and 
recover  f rom anomol ies.  The m o n i t o r i n g  i s  done by per fo rming  t h r e e  
types  o f  checks on t h e  t e l e m e t r y :  a l i m i t  check on i n d i v i d u a l  t e l e m e t r y  
p o i n t s ,  a r a t e  check on two o r  more t e l e m e t r y  p a i n t  on t h e  same 
channel, and a cross-channel  check f o r  cons is tency .  Rather  than 
a n a l y z i n g  a l l  t h e  da ta ,  t h e  m o n i t o r  o n l y  r e c e i v e s  a sample o f  each 
s i g n a l  once every  two seconds. These samples a r e  s u f f i c i e n t  t o  m o n i t o r  
and d e t e c t  f a u l t s  w i t h  r e a l  t i m e  performance. 

Skapura and Zach [31] d e s c r i b e  an OPSS based system developed 
u s i n g  L ISP and des igned t o  handle t h e  f r o n t - e n d  a n a l y s i s  o f  t h e  
t e l e m e t r y  stream r e c e i v e d  from t h e  Space S h u t t l e .  As a r e s u l t  o f  t h e i r  
i n v e s t i g a t i o n  i n t o  a p p l i c a t i o n  o f  knowledge-based systems f o r  r e a l - t i m e  
a n a l y s i s ,  t h e y  draw severa l  i m p o r t a n t  conc lus ions .  They p o i n t  o u t  t h e  
problems encountered i n  a t t e m p t i n g  t o  use OPS5 f o r  such a p p l i c a t i o n s .  
S p e c l f i c a l  l y  performance 1 i m i t a t i o n s ,  l a c k  o f  i n t e r r u p t  hand1 i n g  
f a c i l i t i e s  and t h e  need f o r  a m u l t i - t a s k i n g  a r c h i t e c t u r e .  The a u t h o r s  
a l s o  p o i n t  o u t  as do Watson, Russe l l  and H a c k l e r  [ 3 t h a t  t h e  RETE 
a l g o r i t h m ,  des igned t o  work i n  environments where t h e  d a t a  changes 
s lowly ,  i s  n o t  o p t i m a l  f o r  r e a l - t i m e  t e l e m e t r y  d a t a  a n a l y s i s .  

Gholdston J a n i k  and Lane [ Z O ]  r e p o r t  on a p r o t o t y p e  e x p e r t  system 
t o  a i d  i n  t h e  e v a l u a t i o n  o f  sensor d a t a  t o  m o n i t o r  and p r e d i c t  power 
component performance and t o  i d e n t i f y  f a u l t s .  The system was 
developed on a Compag 80386 computer ( w i t h  a 80387 co-processor)  u s i n g  
t h e  M1 ru le-based development t o o l .  As w e l l  as p r o v i d i n g  a ru le-based 
language, M1 was a l s o  chosen f o r  i t s  a b i l i t y  t o  i n t e r f a c e  w i th  t h e  d a t a  
a c q u i s i t i o n ,  r e d u c t i o n  and graph ics  r o u t i n e s  which were done i n  C. The 
system i s  des igned t o  operate i n  an au tomat ic  m o n i t o r i n g  mode o r  an 
i n t e r a c t i v e  d i a g n o s t i c  mode. D u r i n g  au tomat ic  m o n i t o r i n g  mode, a l l  EPS 
i n f o r m a t i o n  i s  c o l l e c t e d  f r o m  t h e  d i s t r i b u t e d  processors and made 
a v a i l a b l e  t o  t h e  e x p e r t  system th rough a d a t a  base. The e x p e r t  system 
then determines i f  any o f  the  d a t a  a r e  e x h i b i t i n g  a f a i l u r e  mode. 

Pooley, Thompson, Harnsley and Teoh [28] d iscuss  t h e  a r c h i t e c t u r e  
o f  an i n t e l l  i g e n t  h e a l t h  m o n i t o r i n g  system (HMS) f o r  reusab le  r o c k e t  e 
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engine systems. SEES, SPARTA Embedded Exper t  System, s y n e r g i s t i c a l  l y  
i n t e g r a t e s  v i b r a t i o n  a n a l y s i s ,  p a t t e r n  r e c o g n i t i o n  and communications 
t h e o r y  techniques w i t h  A I  techniques.  The main component o f  t h e  
a p p l i c a t i o n  i s  an e x p e r t  system t h a t  uses conf idence l e v e l s  t o  r e s o l v e  
c o n f l i c t s  among compound da ta  and t h e n h e u r i s t i c a l  l y  chooses each da ta  
s e t  and d e r i v e s  c l a s s i f i c a t i o n  r u l e s .  The system i s  comprised o f  t h r e e  
major  subsystems. The SEES F r o n t  End (SFE) processes raw d a t a  t o  
screen obv ious anornolies and d e r i v e  t h e  reduced da ta  s e t  f rom which i t  
generates an a p p r o p r i a t e  s i g n a t u r e  ( t h e  au thors  do n o t  d e t a i l  t h e  da ta  
screening, r e d u c t i o n  and s i g n a t u r e  genera t ion  techniques s ince  t h i s  
i nformat ion  i s  cons idered p r o p r i e t y ) .  The Embedded Exper t  System (EES) 
uses t h e  i n f o r m a t i o n  p r o v i d e d  by t h e  SFE and t h e  r u l e  s e t  i n  i t s  
knowledge base t o  i n f e r  o p e r a t i n g  c o n d i t i o n s ,  deduce mean t i m e  t o  
f a i l u r e  and recommend maintenance schedules. The EES has t h e  
c a p a b i l i t y  t o  invoke f u n c t i o n s  i n  t h e  SFL f o r  f u r t h e r  d a t a  r e d u c t i o n .  
The e x p e r t  system component i s  b e i n g  developed u s i n g  Rule Master wh ich  
can then be i n t e g r a t e d  w i th  t h e  r e s t  o f  t h e  system which i s  developed 
i n  C.  The Support  Func t ion  L i b r a r y  (SFL) i s  a s e t  o f  s u p p o r t i n g  
f u n c t i o n s  f o r  t h e  r e s t  o f  t h e  HMS. 

Watson, Russe l l  and Hack le r  [36] r e p o r t  on t h e  des ign  and i n i t i a l  
development e f f o r t s  o f  t h e  Diagnosis  and P r o e c t i o n  Exper t  System 
(DAPES), an e x p e r t  system f o r  t h e  purpose o f  per fo rming  o n - l i n e  
d i a g n o s t i c s  and parameter e v a l u a t i o n  t o  determine p o t e n t i a l  o r  
i n c i p i e n t  f a u l t  c o n d i t i o n s  i n  e l e c t r i c a l  power systems. The system 
w i l l  a 
f u l l  e v a l u a t i o n  o f  t h e  s t a t u s  o f  t h e  power system and r e a c t  t o  b o t h  
i n c i p i e n t  and c a t a s t r o p h i c  f a u l t s .  The a t tempt  w i th  DAPE i s  t o  p r o v i d e  
as much computat ional  i n t e l l i g e n c e  as p o s s i b l e  t o  t h e  remote low- leve l  
machinery a s  p o s s i b l e .  Such a c a p a b i l i t y  i s  f e a s i b l e  w i t h  c u r r e n t  
advances i n  microprocessor  hardware techno log ies .  The au thors '  e f f o r t s  
a r e  focused on t h e  a r c h i t e c t u r e  o f  a respons ive  e x p e r t  system f o r  on- 
l i n e  m o n i t o r i n g  environments.  

be p a r t  o f  an o v e r a l l  m o n i t o r i n g  computer h i e r a r c h y  t o  p r o v i d e  

To accompl ish t h i s  responsiveness an e x p e r t  system s h e l l  PMCLIPS 
was developed. PMCLIPS i s  a m o d i f i c a t i o n  o f  CLIPS.  I t  uses a 
P a r a l l e l i z e d  Match A l g o r i t h m  (PMA) based on t h e  RETE A l g o r i t h m .  Though 
some o f  t h e  i n t e r n a l  d a t a  h o l d i n g  s t r u c t u r e s  a r e  s i m i l a r  f o r  t h e  two 
a l g o r i t h m s ,  t h e  f l o w  th rough t h e  s t r u c t u r e s  v a r i e s  cons iderab ly .  
PMCLIPS takes  advantage o f  t h e  r a p i d l y  changing d a t a  and p a r a l l e l i s m  
wh ich  c h a r a c t e r i z e  m o n i t o r i n g  systems t o  enhance t h e  system's 
responsiveness. I n i t i a l  r e s u l t s  i n d i c a t e  t h a t  s i g n i f i c a n t  speed up i s  
accomplished. P r o t o t y p i n g  and t e s t i n g  i s  c o n t i n u i n g .  Though t h e  
a u t h o r s  s i t e  da ta  compression and d e t e c t i o n  o f  i n c i p i e n t  f a u l t s  as 
f u n c t i o n s  o f  DAPES, no d e t a i l  i s  p r o v i d e d  concern ing these f u n c t i o n s .  

Doyle,  S e l l e r s  and Atk inson [ l l ]  p r e s e n t  an approach t o  m o n i t o r i n g  
r e f e r r e d  t o  as " P r e d i c t i v e  M o n i t o r i n g "  which i s  based on t h e  i d e a  t h a t  
e f f e c t i v e  m o n i t o r i n g  r e q u i r e s  an e x p l i c i t  model o f  a dev ice .  The model 
requ i rement  i s  based on (1) t h e  f a c t  t h a t  t h e  nominal ranges a s s o c i a t e d  
w i th  a sensor a r e  dynamic as opposed t o  s t a t i c  as i n  t r a d i t i o n a l  
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m o n i t o r i n g  approaches, and (2)  t h e  f a c t  t h a t  as space systems become 
more and more complex and sensors number i n  t h e  thousands, t h e y  must be 
t r e a t e d  as resources and c o n t e x t - s e n s i t i v e  importance c r i t e r i a  should 
be used t o  determine when and how t h e y  should be sampled. 
A d d i t i o n a l l y ,  t h e  au thors  f e e l  t h a t  p r o v i d i n g  e x p l a n a t i o n  f o r  expected 
sensor va lues  would speed up t h e  d i a g n o s i s  process. 

A p r e d i c t i v e  model ing system c a l l e d  PREMON i s  proposed and i s  made 
up o f  t h r e e  modules: (1) a Causal S imu la to r ,  (2)  a Sensor Planner ,  and 
(3 )  a Sensor I n t e r p r e t e r .  The causal  s i m u l a t o r ,  based on a model o f  
t h e  system be ing  moni tored,  generates p r e d i c t i o n s  about t h e  n e x t  c y c l e  
o f  behav io r  o f  t h e  dev ice  The model d i s t i n g u i s h e s  d i f f e r e n t  o p e r a t i n g  
modes o f  t h e  dev ice  and compliments t r a d i t i o n a l  a n a l y t i c a l  models w i t h  
q u a l i t a t i v e  reasoning c a p a b i l i t i e s  t o  accommodate causal  dependencies 
and incomplete and u n c e r t a i n  va lues.  The Sensor Planner,  g i v e n  t h e  
p r e d i c t e d  behavior ,  makes cho ices  about what behav io r  t o  v e r i f y ,  which 
sensors t o  employ, and how t h e  sensors should be sampled. The Sensor 
Planner  then passes i n s t r u c t i o n s  t o  t h e  Sensor I n t e r p r e t e r  which reads 
sensor channels as d i r e c t e d  and compares these w i t h  t h e  e x p e c t a t i o n s  
p r o v i d e d  by t h e  Causal S imu la to r .  Expec ta t ions  about b e h a v i o r  and 
knowledge about d i s t i n g u i s h a b l e  q u a l i t a t i v e  va lues,  which a r e  d e r i v e d  
f rom a d e v i c e  model, d r i v e  t h e  comparison and r e c o g n i t i o n  process. 

E r i c k s o n  and Rudakas [15 ]  a l s o  r e p o r t  on t h e  advantages t o  be 
gained f rom a model-based reasoning approach f o r  knowledge-based 
a p p l i c a t i o n  t o  m o n i t o r i n g  and f a u l t  d i a g n o s i s  systems. The paper 
d iscusses  t h e  two-phase development o f  a system c a l l e d  TEXSYS, Thermal 
Exper t  System, which was developed around t h e  Space S t a t i o n  Thermal 
Testbed, SSTT ( a g a i n  i l l u s t r a t i n g  t h e  major  importance o f  tes tbeds  t o  
t h e  development o f  KBS components f o r  autonomous systems). TEXSYS was 
f i r s t  p r o t o t y p e d  u s i n g  KEE and S i m K i t  on a Symbol ics 3670. The phase 
I 1  p r o t o t y p e  employed MTK, t h e  Ames Research C e n t e r ' s  causal  Model 
T o o l k i t ,  i n  p l a c e  o f  S i m K i t .  MTK was des ignated  t o  overcome severa l  
t e c h n i c a l  i ssues  r a i s e d  d u r i n g  phase 1 development. Several  key 
f e a t u r e s  o f  t h e  TEXSYS system a r e  wor thy  o f  ment ion.  

The SSTT model which was developed u s i n g  t h e  o b j e c t - o r i e n t e d  and 
frame-based r e p r e s e n t a t i o n  o f  KEE was a s i m p l i f i e d  model o f  t h e  t e s t b e d  
which i n c o r p o r a t e d  domain e x p e r t s '  r u l e s  o f  thumb, as w e l l  as t h e  
r e l e v a n t  p h y s i c a l  laws. A d d i t i o n a l l y ,  r a t h e r  than u s i n g  d i r e c t  l i n k s ,  
t h e  model t o p o l o g y  was represented  u s i n g  KEE CONNECTIONS which a l l o w e d  
r e p r e s e n t a t i o n  o f  b e h a v i o r  a t  component boundar ies.  KEE w o r l d s  was 
used t o  r e p r e s e n t  d i f f e r e n t  tempora l  s t a t e s  i n  d i s t i n c t  "wor lds"  thus  
p r o v i d i n g  a l i m i t e d  temporal  reason ing  f a c i l i t y .  A h i e r a r c h i c a l  
s t r u c t u r e  was employed t o  a l l o w  reason ing  t o  p rogress  f rom " b l a c k  box" 
l e v e l s  t o  subcomponent l e v e l .  The a b i l i t y  t o  per fo rm q u a l i t a t i v e  and 
q u a n t i t a t i v e  model ing and reasoning, as w e l l  as t h e  a b i l i t y  t o  d e a l  
w i th  parameter u n c e r t a i n t y  was p r o v i d e d  by t h e  s t r u c t u r e  o f  MTK. MTK 
a l l o w s  f o r  u t i 1  i z a t i o n  o f  "Parameters" which r e p r e s e n t  t h e  s i g n i f i c a n t  
p h y s i c a l  measurements employed i n  d e s c r i b i n g  a g i v e n  system ( i . e . ,  
temperature,  pressure,  f low r a t e ,  e t c . ) .  Parameters a r e  represented  as 
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s p e c i a l  o b j e c t s  w i th  Value, Best  Value, S t a t e  and H i s t o r y  a t t r i b u t e s .  
Values can be g i v e n  o r  d e r i v e d  q u a n t i t a t i v e  measures o r  ranges and can 
t a k e  on m u l t i p l e  va lues  r e f l e c t i n g  d i f f e r e n t  cha ins  o f  i n f e r e n c e .  Best  
Value r e p r e s e n t s  t h e  systems b e s t  guess o f  t h e  " r e a l  va lue . "  The S t a t e  
i s  s imp ly  a q u a l i t a t i v e  symbolic v a l u e  o f  a Parameter ( i . e . ,  NOMINAL, 
HIGH, NEGATIVE, e t c .  ) and H i  s t o r y ,  another  symbol ic value, cap tures  
t i m e  b e h a v i o r  such as INCREASING, STEADY o r  DECREASING. 

The most c u r r e n t  and perhaps most s i g n i f i c a n t  research  e f f o r t s  a r e  
those r e p o r t e d  by v a r i o u s  personnel  a t  t h e  Lockheed A r t i f i c i a l  
I n t e l  1 igence Center [ 71, [ 121, [ 131.  Lockheed i s  t h e  pr ime c o n t r a c t o r  
f o r  t h e  Hubble Space Telescope, moreover, i t  i s  t h e  HST Miss ion  
Opera t ions  C o n t r a c t o r  r e s p o n s i b l e  f o r  t h e  ground o p e r a t i o n s  t h a t  ensure 
t h e  h e a l t h  and s a f e t y  o f  t h e  v e h i c l e .  The p r i m a r y  means f o r  a s s u r i n g  
such o p e r a t i o n  i s  t h e  e f f e c t i v e  m o n i t o r i n g  o f  approx imate ly  4,690 

w o r k s t a t i o n s  w i l l  be manned 24 hours a day by t h r e e  s h i f t s  o f  o p e r a t o r s  
d u r i n g  a c t u a l  f l i g h t .  The complex i ty  o f  t h e  HST and t h e  massive 
amounts o f  t e l e m e t r y  d a t a  b e i n g  r e c e i v e d  make system h e a l t h  s t a t u s  
m o n i t o r i n g  ex t remely  d i f f i c u l t .  Lockheed, t h e r e f o r e ,  has been a c t i v e l y  
engaged i n  a p p l y i n g  KBS techno log ies  t o  t h i s  domain. The main t h r u s t  
o f  these e f f o r t s  a r e  d i r e c t e d  toward development o f  t h e  Telemetry  
A n a l y s i s  Log ic  f o r  Opera t ing  Spacecra f t  (TALOS) system. 

d i f f e r e n t  t e l e m e t r y  mon i to rs  a v a i l a b l e  f o r  i n t e r p r e t a t i o n .  s i x  

TALOS i s  a knowledge-based system cons i  s t i n g  o f  a mu1 ti t a s k i n g  
a r c h i t e c t u r e  f o r  per fo rming  ' rea l - t ime m o n i t o r i n g  and o f f - l i n e  deep 
a n a l y s i s .  It i s  b e i n g  developed u s i n g  Lockheeds L*STAR p r o p r i e t o r y  
s h e l l .  The system c o n s i s t s  o f  t h r e e  separate processes which r u n  
c o n c u r r e n t l y  and communicate v i a  message pass ing u s i n g  a mai lbox 
approach. The t h r e e  processes a r e  t h e  I n f e r e n c e  Process, t h e  Data 
Management Process (DMP) and t h e  I / O  Process. 

Telemetry  d a t a  i s  f i r s t  preprocessed by a VAX and i s  then sent  t o  
t h e  DMP f o r  s c a l i n g  and compression b e f o r e  u t i l i z a t o n  by t h e  
I n f e r e n c i n g  and I/O Processes. The I n f e r e n c e  Process I s  w r i t t e n  i n  C 
and has been designed t o  overcome c e r t a i n  d e f i c i e n c i e s  o f  o t h e r  t o o l s  
when a p p l i e d  t o  t h e  m o n i t o r i n g  domain. I n  o r d e r  t o  reduce l o n g  run- 
t i m e  p a t t e r n  match ing searches, t h e  r u l e  c o m p i l e r  s t o r e s  l o c a t i o n  
i n f o r m a t i o n  about t r i p l e s  i n  a u n i f o r m  d a t a  s t r u c t u r e  c r e a t e d  a t  
compi le  t ime.  There i s  a l s o  a c o n t e x t  mechanism ( c o n t e x t  r e l a t i n g  t o  
mode o f  HST o p e r a t i o n  f o r  example) which p a r t i t i o n s  r u l e s  t o  l i m i t  t h e  
number b e i n g  examined f o r  g i v e n  s i t u a t i o n s .  T h i s  c o n t e x t  s e n s i t i v i t y  
a l l o w s  " a t t e n t i o n "  t o  be focused when i m p o r t a n t  events  occur  ( i . e . ,  t h e  
c o n t e x t  may cause a r u l e  t o  f i r e  which inc reases  t h e  r a t e  a t  which t h e  
DMP sends d a t a  on a p a r t i c u l a r  m o n i t o r ) .  The I n f e r e n c e  Process uses 
s p e c i a l  f u n c t i o n s  which reason about t r e n d s  and s t a t i s t i c s  such as t i m e  
averages and rates-of-change t o  p r o v i d e  temporal  reason ing  c a p a b i l i t i e s  
about  p a s t ,  p r e s e n t  and f u t u r e  events .  The I n f e r e n c e  Process a l s o  
c o n t a i n s  t h e  "knowledge" r e q u i r d  by t h e  DMP and sends t h i s  i n t e l l i g e n c e  
as necesary v i a  messages. The DMP needs t o  know f o r  each t e l e m e t r y  
m o n i t o r  such t h i n g s  as sampl ing r a t e  smoothing and s c a l i n g  f a c t o r s ,  
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l i m i t s ,  e t c .  These f a c t o r s  a r e  dynamic based on t h e  requi rements as 
r e f l e c t e d  i n  t h e  know1 edge base. 

A l s o  r e s i d e n t  i n  t h e  I n f e r e n c e  Process a r e  t h e  d i a g n o s t i c  modules 
which a r e  a c t i v a t e d  p e r i o d i c a l l y  t o  analyze a r c h i v e d  t e l e m e t r y  d a t a  o r  
a u t o m a t i c a l l y  when non-nominal o p e r a t i o n  i s  i n d i c a t e d  based on r e a l -  
t ime. t e l e m e t r y  a n a l y s i s .  Arch ived d a t a  i s  analyzed f o r  anomolous 
behav io r  as w e l l  as adverse t rends .  For  r e a l - t i m e  a n a l y s i s  o n l y  about 
400 of  t h e  over  4000 t e l e m e t r y  m o n i t o r s  a r e  used by o p e r a t o r s  under 
normal opera t ion .  I f  non-nominal behav io r  i s  i n d i c a t e d ,  then r u l e s  
f i r e  i n  t h e  knowledge base r e s u l t i n g  i n  messages b e i n g  sent  t o  t h e  DMP 
t o  reques t  d a t a  c o l l e c t i o n  f rom new m o n i t o r s  and/or changes i n  sampl ing 
r a t e s  o r  data compression techniques.  The 1/0 Process i s  a h i e r a r c h y  
o f  d i s l a y s  which can be t r a v e r s e d  w i t h  a mouse. Mousing on a m o n i t o r  
d i s p l a y s  a s t r i p  c h a r t  which i s  updated i n  r e a l  t ime by d a t a  f rom t h e  
DMP The 1/0 Process a l s o  r e c e i v e s  s t a t u d h e a l t h  messages f rom t h e  
I n f e r e n c e  Process. 

F i  n d i  nqs 

A s y n t h e s i s  o f  t h e  f i n d i n g s  f rom t h e  l i t e r a t u r e  rev iewed above 
leads  t o  severa l  i m p o r t a n t  observa t ions  and conc lus ions  concern ing  t h e  
e f f e c t i v e  a p p l i c a t i o n  o f  knowledge-based techno log ies  t o  system h e a l t h  
s t a t u s  m o n i t o r i n g .  Those which have re levance t o  t h e  concept o f  d a t a  
r e d u c t i o n  and which should be cons idered i n  t h e  implementat ion o f  
r e d u c t i o n  techn iques  i n  t h i s  domain a r e  now reviewed. 

New t e c h n o l o g i e s  and complex systems overburden a n a l y s t s  w i t h  
t e l e m e t r y  d a t a  and make manual r e a l - t i m e  o r  near r e a l - t i m e  a n a l y s i s  
i n f e a s i b l e .  Automat ing p o r t i o n s  o f  t h e  m o n i t o r i n g  process has proven 
f e a s i b l e  b u t  t r a d i t i o n a l  approaches o f  e s t a b l i s h i n g  a - p r i o r i  s t a t i c  
nominal ranges proves i n e f f e c t i v e  f o r  most c u r r e n t  a p p l i c a t i o n s  where 
t h e  changing c o n t e x t s  o f  t h e  system d i c t a t e  t h e  n a t u r e  o f  a n a l y s i s  and 
t h e  d a t a  r e q u i r e d  t o  suppor t  t h i s  analyses. Sensors must be t r e a t e d  as 
i n f o r m a t i o n  resources and managed a c c o r d i n g l y .  The c o n t e x t  should 
d i c t a t e  t h e  what, when and how t o  m o n i t o r .  One approach t o  
accompl ish ing  t h i s  i s  w i t h  a model-based system where an e x p l i c i t  
system model which captures  t h e  causal  r e l a t i o n s h i p s  and dependencies 
i s  p a r t  o f  t h e  knowledge base. The model e x p e c t a t i o n s  car! then h e l p  
d r i v e  t h e  a n a l y s i s .  

E f f e c t i v e  m o n i t o r i n g  systems w i l l  have t o  possess reason ing  
c a p a b i l i t i e s  beyond j u s t  q u a n t i t a t i v e  reasoning.  More s p e c i f i c a l l y ,  
q u a l i t a t i v e  and temporal  reasoning a r e  cons idered mandatory. 
Q u a l i t a t i v e  reason ing  can accommodate u n c e r t a i n  m i s s i n g  and n o i s y  d a t a  
[ 19 3 .  A d d i t i o n a l l y ,  t h e  temporal  r e l a t i o n s h i p s  between system 
components and t h e  d a t a  generated must be captured  by t h e  system. 
Trend d e t e c t i o n  and a n a l y s i s  a r e  c r u c i a l  t o  e f f e c t i v e  system h e a l t h  
s t a t u s  m o n i t o r i n g .  

F i n a l l y ,  t h e  r a p i d l y  changing d a t a  i n h e r e n t  w i t h  space system 
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m o n i t o r i n g  d i c t a t e s  c e r t a i n  system c h a r a c t e r i s t i c s .  Systems must have 
i n t e r u p t  o r  m u l t i t a s k i n g  c a p a b i l i t i e s .  Moreover, t h e  i n f e r e n c i n g  
process f u n c t i o n s .  
T h i s  can be accompl ished w i th  a system a r c h i t e c t u r e  which p r o v i d e s  f o r  
t h r e e  separate modules which accompl ish these tasks  and communicate 
w i t h  each o t h e r  as necessary.  r e q u i r e s  
new and i n n o v a t i v e  i n f e r e n c i n g  techniques t o  overcome t h e  slow search 
and match ing a l g o r i t h m s  c h a r a c t e r i s t i c  o f  most c u r r e n t  KBS t o o l s .  

must be f r e e d  o f  d a t a  management f u n c t i o n s  and 1/0 

The r a p i d l y  changing d a t a  a l s o  

I m p l i c a t i o n s  f o r  I n t e l l i q e n t  Data Reduct ion 

As s t a t e d  p r e v i o u s l y ,  i n t e l l i g e n t  d a t a  r e d u c t i o n  i s  t h e  process o f  
e x t r a c t i n g  f rom a s e t  o f  da ta  o n l y  those s i g n i f i c a n t  f a c t s  which t h e  
"exper t (  s)" deem necessary f o r  t h e  a n a l y s i s  b e i n g  undertaken. The 
concern i n  t h i s  i n v e s t i g a t i o n  was t o  determine t h e  types  o f  
c h a r a c t e r i s t i c s  t h a t  m i g h t  be deemed s i g n i f i c a n t  f o r  t h e  h e a l t h  s t a t u s  
m o n i t o r i n g  o f  space power systems and p o t e n t i a l  da ta  r e d u c t i o n  
techniques c a p t u r i n g  these c h a r a c t e r i s t i c s .  I n  c o n s i d e r i n g  d a t a  
r e d u c t i o n  techn iques  t o  suppor t  h e a l t h  s t a t u s  mon i to r ing ,  one must a l s o  
c o n s i d e r  t h e  o p e r a t i o n  o f  f a u l t  d e t e c t i o n  and d i a g n o s i s  which o f t e n  
f o l l o w s  t h e  m o n i t o r i n g  f u n c t i o n .  One major  d i s t i n c t i o n  between these 
f u n c t i o n s  i s  t h e  t i m e  frame f o r  performance. M o n i t o r i n g  i s  something 
t h a t  must be done on a near r e a l - t i m e  b a s i s  so t h a t  anomolies can be 
de tec ted ,  o r ,  b e t t e r  y e t ,  p r e d i c t e d  e a r l y  enough t o  p r e v e n t  f u r t h e r  
system c o n t a m i n a t i n .  o f  
t h e  m o n i t o r i n g  process can be g r e a t l y  improved by f i r s t  p e r f o r m i n g  d a t a  
r e d u c t i o n  on t h e  t e l e m e t r y  da ta  [5 ]  [24] [28]  [33] .  

It has been c l e a r l y  shown t h a t  t h e  e f f i c i e n c y  

Moreover, much o f  t h e  i n f o r m a t i o n  which would be cons idered 
s i g n i f i c a n t  f o r  h e a l t h  s t a t u s  m o n i t o r i n g  can a l s o  p l a y  a major  r o l e  i n  
anomaly i d e n t i f i c a t i o n .  I t  has been shown t h a t  t h e  most e f f e c t i v e  
approaches t o  f a u l t  d e t e c t i o n  i n v o l v e  model-based e x p e r t  systems. T h i s  
same model-based system can be used t o  d r i v e  a d a t a  r e d u c t i o n  module. 

Causal model ing a l l o w s  t h e  i n t e r r e l a t i o n s h i p s  and dependencies o f  
sys tem components t o  be captured  f r o m  b o t h  a p h y s i c a l  system 
p e r s p e c t i v e  ( i . e . ,  based on p h y s i c a l  laws), as w e l l  as a conceptual  
p e r s p e c t i v e  (based on t h e  i n t u i t i v e  and h e u r i s t i c  knowledge o f  an 
e x p e r t )  [ Z ]  [15]  [35] .  Such an approach a l s o  a l l o w s  system c o n t e x t s  t o  
be cons idered s i n c e  t h e  model can c a p t u r e  t h e  v a r i o u s  d e f i n e d  s t a t e s  i n  
which t h e  system w i l l  operate.  O f t e n  as c o n t e x t s  change, t h e  
i n t e r r e l a t i o n s h i p s  o f  t h e  model w i l l  change and v ice-versa .  

Data r e d u c t i o n  techniques should r e f l e c t  these r e l a t i o n s h i p s .  For 
example, d u r i n g  b a t t e r y  charg ing,  c e l l  temperature i s  a t e l e m e t r y  v a l u e  
which needs t o  be c l o s e l y  moni tored.  Consequently, d u r i n g  a charge 
s t a t e ,  t h e  temperature sensor d a t a  should be sampled more f r e q u e n t l y  
than d u r i n g  a d ischarge s t a t e .  L ikewise,  c e l l  p ressure  which i s  
r e l a t e d  t o  temperature should a l s o  be mon i to red  a t  a s i m  l a r  r a t e .  
Another advantage o f  t h e  model ing approach i s  t h a t  i t  can p r o v i d e  a 
means o f  check ing f o r  t e l e m e t r y  d a t a  contaminat ion  o r  O S S .  The 
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relationships which exist in the model can be used to predict or verify 
the various telemetry values. In terms o f  system structure for such an 
approach, a separation of reduction and inferencing functions is most 
appropriate. A library of reduction functions as specified by the 
analyst might be incorporated into the data handler and could receive 
and pass necessary information from and to the model-based inferencing 
module. 

The hierarchical approach mentioned previously a1 so has 
applications to the data reduction functlon. It would seem natural 
that as the monitoring function proceeds from broader (i.e., a 
conceptual black box level) to finer (i.e., subsystem or component 
level), levels of detail, the data reduction employed will a l so  go to 
finer levels of detail (i.e., from a qualitative measure such as 
INCREASING to a more detailed and quantified trend analysis) [19]. At 
the conceptual level, overall battery readings might be monitored, 
whereas at a lower level, individual cell values would be of concern. 
The level of detail would again be influenced by the context as well as 
the model interactions. 
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CONCLUSIONS AND RECOMMENDATIONS 

This research  has c l e a r l y  shown t h a t  t h e  e f f i c i e n c y  o f  t h e  h e a l t h  
s t a t u s  m o n i t o r i n g  f u n c t i o n  can be g r e a t l y  improved u s i n g  da ta  r e d u c t i o n  
techniques on t h e  t e l e m e t r y  data.  I t  has been p o i n t e d  o u t ,  however, 
t h a t  due t o  t h e  complex i ty  o f  c u r r e n t  space power systems and t h e  
dynamics o f  t h e  environments i n  which t h e y  operate,  m o n i t o r i n g  systems 
can no l o n g e r  be s t a t i c  i n  na ture .  I t  appears t h a t  i n t e l l i g e n t  h e a l t h  
s t a t u s  m o n i t o r i n g  systems must go beyond complete rule-based systems t o  
h i  e r a r c h f  c a l  l y  s t r u c t u r e d  model-based systems. Such an approach a1 lows 
t h e  i n h e r e n t  dynamics o f  t h e  system i t s e l f ,  as w e l l  as t h e  dynamics o f  
t h e  system i n  d i f f e r e n t  c o n t e x t s  o r  modes, t o  be r e f l e c t e d  i n  t h e  
m o n i t o r i n g  system and t h e  s u p p o r t i n g  d a t a  r e d u c t i o n  subsystem o r  
module. 

It has a l s o  been shown t h a t  much o f  t h e  r e d u c t i o n  process shou ld  
t a k e  t h e  form o f  c o n v e r t i n g  q u a n t i t a t i v e  t e l e m e t r y  d a t a  t o  q u a l i t a t i v e  
da ta .  Knowledge-Based Systems g a i n  t h e i r  advantage because t h e y  can 
per fo rm symbol ic  reasoning.  Thus t h e  b e s t  approach t o  d a t a  r e d u c t i o n  
f o r  such a p p l i c a t i o n s  i s  t o  process t e h  d a t a  u s i n g  t r a d i t i o n a l  
comput ing environments w i th  t h e  goal  o f  reduc fng  t h e  d a t a  t o  
q u a l i t a t i v e  symbol ic r e p r e s e n t a t i o n s  which can then be reasoned about  
i n  t h e  knowledge base. Merging q u a l i t a t i v e  and q u a n t i t a t i v e  d a t a  
a n a l y s i s  i n  knowledge-based systems f o r  EPS h a l t h  s t a t u s  m o n i t o r i n g  i s  
an area f o r  f u r t h e r  i n v e s t i g a t i o n .  
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